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Paramagnetic	 Lanthanide	 NMR	 Probes	 Signalling	 Changes	 in	 Zinc	
Concentration	by	Emission	and	Chemical	Shift	:	A	Proof	of	Concept	Study	
									Alice	C.	Harnden,			Andrei	S.	Batsanov	and	David	Parker	*	Department	of	Chemistry,	Durham	University,	South	Road,	Durham	DH1	3LE,	UK	___________________________________________________________________________________________	A	 zinc-selective	 probe,	 based	 on	 a	 set	 of	 rare	 earth	 complexes	 of	 a	 modified	DO3A	 macrocyclic	 ligand	 incorporating	 a	 tris-pyridylamine	 (TPA)	 moiety	 has	been	 structurally	 characterised	 in	 solution	 and	 in	 the	 solid-state.	One	pyridine	group	possesses	a	tert-butyl	substituent	to	serve	as	an	NMR	reporter	group.	The	mono-capped	 square-antiprismatic	 Dy	 complex	 has	 a	 long	 bond	 (2.83Å)	 to	 an	apical	N	 atom	 (pKa	 5.70	Eu)	 and	binds	 to	one	water	molecule	on	 zinc	binding.	Zinc	binding	is	reversible,	and	involves	all	of	the	exocyclic	ligand	N	donors;	it	is	signalled	 by	 large	 (ratiometric)	 changes	 in	 Eu	 emission	 intensity,	 and	 by	dramatic	 changes	 in	 the	 size	 (>50	 ppm)	 and	 sign	 of	 the	 chemical	 shift	 of	 the	paramagnetically	 shifted	 tBu	 resonances	 in	 Tb,	 Dy	 and	 Tm	 complexes.	 	 Slow	trans-metallation	 was	 observed,	 leading	 to	 formation	 of	 an	 unusual	 di-zinc	species	in	which	one	zinc	ion	is	7-coordinate	and	the	other	is	six-coordinate.		___________________________________________________________________________________________	The	Zn2+	ion	is	the	second	most	abundant	transition	metal	ion	in	the	body.	Most	of	 this	 is	 tightly	 bound	within	metalloproteins,	where	 zinc	 plays	 a	 key	 role	 in	enzymatic	catalysis	and	structural	organisation.	However,	it	has	also	been	found	to	be	an	important	signalling	ion,	and	relatively	high	concentrations	of	free	Zn2+	(μM	to	mM	range)	can	be	present	 in	 the	extracellular	matrix	of	several	organs,	notably	 the	 pancreas	 and	 prostate	 glands.1	 Disruption	 of	 normal	 Zn2+	homeostasis	 has	 been	 associated	 with	 many	 diseases,	 such	 as	 diabetes	 and	prostate	 cancer.	 Elevated	 levels	 of	 zinc	 in	 the	 brain	 have	 also	 been	 linked	 to	certain	neurodegenerative	disorders,	including	Alzheimer’s	disease.			
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	The	abundance	and	importance	of	Zn2+	in	biology	has	led	to	the	development	of	many	 chemical	 sensors,	 most	 commonly	 based	 on	 fluorescence	 detection.2,3	Typically	 these	 sensors	 are	 small	 molecular	 probes	 containing	 a	 fluorescent	reporting	 unit	 appended	 with	 selective	 Zn2+	 binding	 groups,	 such	 as	 the	 cell-permeable	 emissive	 probe	 Zinpyr-1	 described	 by	 Lippard	 and	 Tsien.4	 It	 is	sensitive	 in	 the	mid-nanomolar	range,	as	a	second	 ion	 is	reversibly	bound.	The	most	frequently	used	chelating	moieties	incorporated	into	Zn2+	sensors	are	tris-	and	bis(2-pyridylmethyl)amine,	also	known	as	tri	and	dipicolyamine	(TPA/DPA).	The	ligands	TPA	and	DPA	form	relatively	stable	complex	ML	complexes	with	Zn2+	(log	 KZnL	 =	 11.0	 and	 6.8	 respectively)5	 with	 no	 measurable	 affinity	 for	 the	abundant	divalent	cations	Ca2+	and	Mg2+.6	
	
	
Figure	1			Structure	of	Zinpyr-1,	where	successive	Zn2+	binding	constants	are	logK	=	8.3	and	7.1	(298K)	Zn2+	 sensors	 for	magnetic	 resonance	 studies	have	also	been	designed.	 Initially,	they	were	Gd3+-based	 complexes	with	proton	 relaxivity	values	 that	 varied	as	 a	function	of	Zn2+	concentration.	7,8		
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Figure	2			Representative	examples	of	magnetic	resonance	Zn2+	probes.	Nagano	 and	 co-workers	designed	 the	 first	 Zn2+	 sensing	MRI	probe,	 based	on	 a	Gd-DTPA	backbone	appended	with	two	DPA	moieties,	[GdLa],	(Figure	2).9	Upon	addition	of	up	to	1	equivalent	of	Zn2+,	the	relaxivity	of	the	complex	decreased	by	33%.	In	the	resulting	1:1	complex,	the	Zn2+	ion	is	coordinated	by	each	DPA	unit.	The	 hydrophobic	 pyridine	 moieties	 sterically	 inhibit	 the	 second	 sphere	 of	hydration	around	the	Gd3+	ion,	causing	the	decrease	in	relaxivity.	However,	this	change	 is	 reversed	 upon	 the	 further	 addition	 of	 Zn2+	 as	 a	 less	 sterically	demanding	2:1	complex	forms	at	higher	concentrations.	The	replacement	of	one	pyridine	 unit	 of	 each	 DPA	 moiety	 by	 a	 carboxylate	 group,	 [GdLb]	 (Figure	 2)	circumvented	this	problem	as	the	2:1	complex	was	no	longer	favoured,	meaning	the	30%	relaxivity	decrease	was	maintained,	even	after	addition	of	excess	Zn2+.10		Sherry	 and	 co-workers	 developed	 a	 Eu3+	 PARACEST	 probe	 for	 the	 selective	signalling	 of	 Zn2+,	 based	 upon	 a	 cyclen-tetraamide	 macrocycle	 appended	 with	two	 DPA	 moieties,	 [EuLc]	 (Figure	 2).11	 Following	 addition	 of	 Zn2+,	 the	 CEST	
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magnitude	 of	 the	 exchanging	 inner	 sphere	water	molecule	 decreased	 and	 this	behaviour	 was	 attributed	 to	 a	 faster	 water	 exchange	 rate.	 Phantom	 imaging	experiments	demonstrated	selectivity	against	Mg2+	and	Ca2+.	However,	 the	 loss	of	 the	 CEST	 signal	was	 also	 found	 to	 be	 pH	dependent,	 and	 there	 is	 a	marked	inherent	temperature	dependence	of	the	chemical	shift	of	the	proton	resonances.		The	 PARACEST	 probe,	 [EuLc],	 was	 modified	 to	 create	 a	 Gd3+-based	 relaxivity	probe,	 in	 which	 two	 of	 the	 amides	 were	 replaced	 with	 carboxylates,	 [GdLd]	(Figure	 2).12	 A	 modest	 increase	 (20%)	 in	 relaxivity	 was	 observed	 with	 the	addition	 of	 Zn2+	 until	 2	equivalents	 had	 been	 added.	 The	 increase	 in	 relaxivity	was	suggested	 to	be	due	 to	 the	presence	of	 the	Zn2+	cation,	promoting	a	 faster	water	 exchange	 rate	 at	 the	 Gd3+	 ion.	 When	 the	 same	 addition	 of	 Zn2+	 was	performed	in	the	presence	of	human	serum	albumin	(HSA),	a	significantly	larger	increase	(165%)	in	the	relaxivity	was	observed,	attributed	to	an	increase	in	the	rotational	correlation	time	for	the	complex	when	bound	to	the	large	protein.	In	
vivo	 studies	 demonstrated	 that	 the	 complex	 could	 be	 used	 to	 monitor	 the	glucose-stimulated	 co-release	 of	 Zn2+	 with	 insulin	 from	 pancreatic	 β-cells.13	 It	was	 shown	 that	mice	 on	high-fat	 diets	 displayed	higher	 contrast	 enhancement	upon	injection	of	glucose	and	[GdLd],	consistent	with	pancreatic	expansion	and	concomitant	 increase	 in	 β-cell	 function.	 More	 recently	 the	 same	 complex	 was	investigated	for	the	detection	of	the	release	of	Zn2+	in	the	prostate.14	GdDO3A-based	 Zn2+	 sensors	were	 also	 investigated	 by	Meade	 and	 co-workers,	e.g.,	[GdLe]	and	[GdLf]	(Figure	2),	in	which	the	relaxivity	increased	upon	binding	of	Zn2+.15,16	The	aminoacetate	groups	in	[GdLe]	were	13C-labeled	providing	direct	evidence	 of	 carboxylate	 binding	 to	 the	 paramagnetic	 centre,	 in	 the	 absence	 of	Zn2+.	In	the	free	complex,	the	Gd3+	ion	is	coordinatively	saturated	with	no	bound	water	and	a	relatively	low	relaxivity	value.	Upon	addition	of	Zn2+,	the	relaxivity	increased	by	over	100%.		Lippard	and	co-workers	designed	a	dual-function	Mn2+-based	probe	for	MRI	and	fluorescence,	 [MnLg]	 (Figure	 2).17	 The	 fluorescence	 and	 relaxivity	 of	 the	porphyrin	complex	was	modulated	by	the	presence	of	Zn2+.	The	probe	showed	a	24%	decrease	in	relaxivity	upon	addition	of	one	equivalent	of	Zn2+	and	the	near	
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infrared	(NIR)	fluorescence	emission	intensity	 increased	by	a	 factor	of	ten.	The	water-soluble	 porphyrin	 probe	was	 able	 to	 permeate	 cell	membranes	 and	MR	experiments	demonstrated	that	the	probe	could	induce	lower	relaxivity	values	in	cells	incubated	with	Zn2+.	The	contrast	agent	was	shown	to	penetrate	effectively	and	 stain	 cells	 in	 vivo	 by	 a	 series	 of	 experiments	 with	 intracranially	 injected	rats.18	However,	in	the	regions	of	the	brain	with	known	higher	concentrations	of	Zn2+,	 the	 contrast	 enhancement	 was	 found	 to	 be	 greater	 than	 in	 regions	 with	lower	concentration	of	Zn2+,	the	opposite	of	the	dependence	found	in	the	in	vitro	and	cellular	experiments.	Evidently,	calibration	is	an	issue	yet	to	be	resolved.		Each	 of	 the	 MRI	 contrast	 agents	 described	 above	 rely	 on	 indirect	 methods	 of	detection.	The	relaxation	time	of	the	bulk	water	signal	is	measured	to	assess	the	Zn2+	 concentration.	 It	 is	 not	 possible,	 however,	 to	 determine	 the	 Zn2+	concentration	 without	 knowing	 the	 concentration	 of	 the	 probe	 in	 each	 voxel	studied.	Local	concentrations	cannot	be	known	in	vivo	without	additional	efforts	to	 estimate	 contrast	 agent	 concentration.	 The	 use	 of	 PARASHIFT	 probes19-21	provides	an	opportunity	to	remove	this	limitation,	as	the	probe	itself	reports	the	presence	 of	 Zn2+	by	modulation	 of	 a	 concentration	 independent	 parameter,	 i.e.	the	 chemical	 shift	 of	 a	 probe	 reporter	 resonance,	 whose	 shift	 is	 a	 function	 of	[Zn2+].	 Up	 till	 now,	 studies	 of	 such	 probes	 have	 examined	 their	 use	 to	 report	temperature	 and	pH,	with	 limits	 of	 detection	of	 the	 order	 of	 10	 to	20	µM	(7T,	310K)	reported	in	vivo.	19-21	In	this	work,	we	seek	to	develop	a	proof	of	principle	using	a	PARASHIFT	system	that	can	report	the	change	in	zinc	ion	concentration.			A	 Eu3+-based	 Zn2+	 luminescence	 sensor	 has	 been	 reported	 by	 Pope,	 which	contained	 a	 pyridine	 group	 appended	 with	 a	 DPA	 moiety,	 based	 on	 a	 DO3A	macrocycle,	[EuLh]	(Figure	3).22	Following	addition	of	1	equivalent	of	ZnCl2,	the	observed	 europium	 luminescence	 emission	 varied.	 It	 was	 shown	 that	 a	 1:1	complex	 formed	 with	 Zn2+,	 and	 the	 spectral	 changes	 that	 occurred	 were	interpreted	in	terms	of	modulation	of	the	Eu3+	coordination	environment,	as	the	proximal	pyridine	group	dissociated	to	be	replaced	by	a	water	molecule.				
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Figure	 3	 	 	 Structure	of	 a	 luminescent	Eu3+-based	Zn2+	probe	as	originally	proposed	 22	showing	the	change	in	Eu	coordination	upon	Zn2+	binding;	a	water	molecule	is	bound	to	the	Zn	ion.		Accordingly,	 we	 set	 out	 to	 modify	 the	 ligand	 structure	 in	 [EuLh]	 by	 adding	 a	
tert-butyl	reporter	group	adjacent	to	the	Zn2+	binding	moiety,	thereby	creating	a	metal	 ion	responsive	PARASHIFT	probe,	 [Ln.L1].	 It	was	reasoned	 that	 the	 large	change	 in	 both	 the	 ligand	 field,	 geometric	 coordinates	 and	 magnetic	susceptibility	anisotropy	that	occurs	on	zinc	binding	would	lead	to	a	significant	change	in	the	chemical	shift	of	the	proximate	t-butyl	resonance.		
	 	 	 	 	 	
Results	and	Discussion	The	 synthesis	 of	 L1	 (Schemes	 1-2)	 was	 undertaken,	 using	 adaptations	 of	literature	 methodology.	 Reaction	 of	 3-bromo-2,6-dimethylpyridine	 with	 tert-butyl	magnesium	 chloride,	 was	 promoted	 by	 the	 presence	 of	 cuprous	 cyanide	and	 required	 heating	 to	 50°C	 overnight	 in	 THF,	 to	 ensure	 formation	 of	 the	3-substituted	derivative,	1.	Oxidation	with	KMnO4	gave	the	crude	dicarboxylate	salt	that	was	reacted	successively	with	thionyl	chloride	and	methanol	to	yield	a	mixture	of	the	esters	2	and	3.	1H	NMR	analysis	revealed	two	major	products	and	inspection	of	the	2D	1H-13C	HMBC	NMR	spectrum	showed	that	the	mono-ester,	2,	was	the	6-carboxy	isomer.	Rapid	formation	of	the	di-ester	is	sterically	inhibited	by	 the	 proximate	 tert-butyl	 group.	 Indeed,	 separate	 esterification	 under	 the	same	 conditions	 with	 the	 isolated	 monoester	 product,	 2,	 gave	 no	 reaction.	
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However,	 a	 Steglich	 esterification	 reaction	 using	 EDC	 and	 DMAP	 as	 the	 acyl	transfer	catalyst	yielded	the	di-ester,	3.		
				 	 	 	 	 Scheme	1	Selective	reduction	of	the	diester,	3,	was	achieved	using	sodium	borohydride	at	0°C.	 NMR	 analysis	 of	 the	 reaction	 mixture	 confirmed	 the	 presence	 of	 one	product,	 consistent	with	regioselective	reduction	of	 the	 less	sterically	hindered	ester	group,	 in	near	quantitative	yield	after	 chromatography.	Two	dimensional	NOESY	 NMR	 spectroscopic	 experiments	 verified	 the	 constitution	 of	 this	regioisomer:	 through-space	 correlations	 were	 found	 between	 the	 tert-butyl	resonance	and	the	ester	methyl	group,	corroborated	by	the	presence	of	a	cross	peak	between	the	pyridine	H5	proton	and	the	hydroxymethyl	methylene	protons,	(Fig	 S1)..Protection	 of	 the	 alcohol	 was	 achieved	 by	 reaction	 of	 4	 with	3,4-dihydro-2H-pyran	 in	 the	 presence	 of	 p-toluenesulfonic	 acid	 to	 yield	 the	tetrohydropyranyl	 ether	5	 (Scheme	2).	The	hindered	 ester	 group	was	 reduced	cleanly	with	lithium	aluminium	hydride	at	0OC	to	give	the	alcohol	6.	Conversion	to	 the	 mesylate,	 7,	 was	 undertaken	 using	 methanesulfonyl	 chloride	 and	triethylamine,	 prior	 to	 mono-alkylation	 of	 dipicolylamine.	 Purification	 of	 the	tertiary	amine,	8,	used	column	chromatography	on	alumina.	The	THP	ether	was	hydrolysed	with	p-toluenesulfonic	acid	in	methanol	to	yield	the	alcohol,	9,	which	was	subsequently	converted	to	the	mesylate	ester,	10.			 	 	 	 	
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		 	 	 	 	 Scheme	2	Alkylation	of	the	tris-t-butyl	ester	of	DO3A	(DO3A	=	1,4,7-	tris(carboxymethyl)-1,4,17,10-tetraazacyclododecane)	with	10	 in	MeCN	afforded	the	tertiary	amine,	and	after	treatment	with	TFA,	the	complexes	of	L1	with	Eu,	Tb,	Dy,	Y,	Tm	and	Yb	were	 prepared	 by	 reaction	 with	 the	 appropriate	 LnCl3	 salt	 at	 pH	 5.5.	 Each	complex	was	purified	by	reverse	phase	HPLC.			
Hydration	State	and	Structural	Analysis	of	[Dy.L1]	The	 inner	 sphere	 hydration	 state,	 q	 for	 the	 europium	 and	 terbium	 complexes	was	calculated	by	measuring	the	luminescence	lifetimes	of	[EuL1]	and	[TbL1]	in	both	H2O	and	D2O,	(Table	1),	and	applying	established	equations	to	estimate	the	lanthanide	hydration	state.23	
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Table	 1	 	 	 Luminescence	 lifetime	 measurements	 of	 [EuL1]	 and	 [TbL1]	 (295	 K,	 λex	 =	276	nm,	pH/pD	=	7.3).	
Ln	 𝝉𝐃𝟐𝐎	(ms)	 𝝉𝐇𝟐𝐎	(ms)	 q		23	Eu	Tb	 1.61	2.78	 1.15	2.55	 0	0	A	q	 value	of	 zero	was	 calculated	 from	 these	experimental	data,23	 in	agreement	with	the	results	of	Pope.22	In	order	to	verify	the	coordination	around	the	metal	ion,	the	X-ray	structure	of	[Dy.L1]	was	carried	out.	Crystals	of	[DyL1]	were	grown	by	slow	diffusion	of	diethyl	ether	into	a	methanol	solution	of	the	complex	(Figure	4).	 The	 complex	 crystallised	 in	 the	 centrosymmetric	 space	 group	 P21/c,	 with	both	 enantiomers	 present	 within	 the	 crystal	 lattice	 and	 symmetry	 related.	Hydrogen	bonding	was	present,	 two	of	 the	 carbonyl	 groups	 serving	as	H-bond	acceptors	to	two	donor	solvent	methanol	molecules.	The	coordination	number	of	Dy3+	in	[DyL1]	is	9,	with	an	N6O3	environment:	the	Dy3+	ion	is	coordinated	by	the	four	ring	nitrogen	atoms	(N1-4)	and	the	tert-butyl	substituted	pyridine	nitrogen	atom	(N5py)	and	three	anionic	oxygen	atoms	(O3)	in	a	SAP	geometry	(Δ-(λλλλ)).	The	 coordination	 sphere	 is	 completed	 by	 the	 DPA	 amine	 nitrogen	 atom,	 N6,	which	caps	the	square	antiprism.	
	 	 	
Figure	 4	 (left)	 Molecular	 structure	 of	 Δ-(λλλλ)-[DyL1]	 (120K);	 (right)	 structure	 of	
[DyL1]	 showing	 the	 hydrogen	 bonding	 to	 solvent	methanol,	 H	 atoms	 are	 omitted	 for	clarity.	CCDC	1896075	Bond	distances	between	the	Dy3+	ion	and	the	donors	varied	(Table	2).	The	bonds	to	 the	 neutral	 nitrogen	 donors	 are	 much	 longer	 than	 those	 to	 the	 anionic	
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carboxylate	oxygen	atoms.	A	 long	axial	bond	of	2.83	Å	between	 the	 lanthanide	and	the	dipicolylamine	nitrogen	was	a	notable	feature,	suggestive	of	some	steric	strain	in	the	capping	axial	site.			
	 	 	 Table	2			Bond	lengths	(Å)	for	[DyL1].		
bond	 bond	length	(Å)	
Dy-N1	 2.605(3)	
Dy-N2	 2.655(3)	
Dy-N3	 2.654(3)	
Dy-N4	 2.632(4)	
Dy-N5py	 2.559(3)	
Dy-O1	 2.321(3)	
Dy-O3	 2.266(2)	
Dy-O5	 2.267(2)	
Dy-N6	 2.833(3)	The	additional	axial	 interaction	with	 the	DPA	amine	nitrogen,	 (N6),	 resulted	 in	the	 metal	 ion	 being	 shifted	 towards	 the	 O3N	 antiprism	 face.	 In	 the	 related	carboxylate	complex	[YbL2],	the	Yb3+	ion	is	found	1.07	and	1.44	Å	from	the	O3N	and	 cyclen	 N4	 bases	 respectively,	 (CCDC-1502162)24	 whereas	 in	 [DyL1],	notwithstanding	the	impact	of	the	lanthanide	contraction	and	the	differing	eight	coordinate	 twisted	 square	 anti-prismatic	 coordination	 geometry	 of	 [YbL2],	 the	distances	of	the	Dy3+	ion	to	the	O3N	and	N4	bases	are	0.78	and	1.61	Å	.			
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pH	response	of	[EuL1]	and	[TbL1]:	luminescence	studies		To	study	the	pH	sensitivity	of	[LnL1]	a	pH	titration	of	the	luminescent	complex	
[EuL1]	 was	 carried	 out.	 The	 emission	 spectrum	 and	 emission	 lifetime	 were	recorded	 as	 a	 function	 of	 pH;	 emission	 spectra	 showed	 an	 overall	 decrease	 in	intensity	upon	lowering	pH	(Figure	5).	A	sigmoidal	fit,	using	iterative	non-linear	least	 squares	 methods,	 plotting	 the	 intensity	 ratio	 of	 the	 largest	 ΔJ	 =	 2	 band	against	the	ΔJ	=	0	band	as	a	function	of	pH	gave	a	pKa	value	of	5.70(05).	Similar	values	were	obtained	(±0.06),	using	the	pH	variation	of	the	total	ΔJ	=	2/	ΔJ	=	1	band	 intensities.	 The	 experimental	 value	 of	 5.70,	 suggests	 that	 protonation	 is	occurring	on	the	dipicolyl	amine	nitrogen	atom.	The	observed	pKa	value	is	lower	than	that	reported	for	the	parent	trispicolylamine	ligand	(TPA),	for	which	a	value	of	6.2	was	reported,	 in	accord	with	the	presence	of	a	weak	bonding	interaction	between	 the	 Eu3+	 ion	 and	 the	 N	 donor	 atom.5b	 The	 sterically	 bulky	 tert-butyl	group	 and	 the	 shielding	 provided	 by	 the	 three	 aromatic	 rings	 tends	 to	 inhibit	local	 solvation,	 and	 so	will	 not	 stabilise	 the	protonated	 form,	 i.e.	 the	 conjugate	acid,	 as	 effectively	 as	 with	 less	 sterically	 demanding	 protonated	 tertiary	ammonium	ions.	The	spectral	form	of	[HEu.L1]+	closely	resembled	that	of	[Eu.L2],	(Fig	S2);	the	latter	exists	as	a	9-coordinate	complex,	where	a	water	molecule	is	in	the	apical	site.24		
	 	
Figure	5	 	 	Variation	of	the	emission	spectra	of	[EuL1]	(20	μM)	as	a	function	of	pH	(H2O,	295	K,	λex	=	276	nm);	the	inset	shows	the	pH	variation	of	the	ratio	of	emission	intensities	at	617	nm	(ΔJ	=	2)	to	579.5	nm	(ΔJ	=	0).		
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The	 luminescence	 lifetimes	 observing	 the	 ΔJ	 =	 2	 emission	 band	 were	 also	measured	in	D2O	and	H2O	at	varying	pH	(Figure	6).	Curiously,	whilst	the	lifetime	in	 H2O	 decreased	 only	 slightly	 as	 the	 pH	 fell,	 the	 lifetime	 in	 D2O	 increased	 by	80%,	 consistent	with	a	 large	 change	 in	 the	Eu	 coordination	environment,	 after	taking	account	of	excited	state	quenching	effects	due	 to	OH	and	NH	oscillators.	Indeed,	every	emissive	Eu	species	has	an	intrinsic	lifetime	that	is	peculiar	to	its	coordination	 number	 and	 type,	 once	 quenching	 effects	 associated	 with	vibrational	 energy	 transfer	 to	 exchangeable	 OH	 and	 NH	 oscillators	 have	 been	considered.		
	 	 	
Figure	 6	 	 	Variation	of	 the	 lifetime	(±10%)	of	 [EuL1]	with	pH	 in	H2O	and	D2O	(295	K,	
λex	276	nm,	λem		617	nm);	here,	the	values	of	pH	measured	refer	to	the	pH	meter	reading	on	the	x	axis	scale	(pD	=	pH(meter	reading)	+0.42).	25	The	 variation	 of	 the	 emission	 lifetime	 with	 pH/pD	 allowed	 pKa	 values	 to	 be	estimated,	but	only	the	value	in	D2O	was	considered	reliable	here,	owing	to	the	much	 smaller	 change	 in	 lifetime	 observed	 in	 water	 and	 the	 lower	 number	 of	useful	data	points	analysed,	(Figure	6).	The	pKa	value	in	D2O	was	estimated	to	be	5.92(07),	higher	than	the	value	of	5.70(0.05)	found	from	the	emission	intensity	variation	 in	water.	 It	 is	 known	 that	 pKa	 values	 in	water	 and	D2O	 are	 normally	separated	by	a	value	of	about	+0.4.	25			The	 hydration	 state	 of	 [EuL1]	 was	 also	 estimated	 from	 this	 data,	 using	 the	limiting	values	of	the	observed	lifetimes,	i.e.	at	high	and	low	pH/pD.	At	high	pH	q	
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=	 0,	 and	 at	 low	 pH,	 the	 apparent	 q	 value	 was	 0.4.	 Lifetime	 measurements	 of	[TbL1]	 revealed	 similar	 q	 values	 at	 high	 and	 low	 pH/pD,	 i.e.,	 zero	 and	 0.3	respectively.	Such	a	variation	is	rationalised	by	a	9-coordinate	structure	at	high	pH,	 as	 revealed	 in	 the	 solid-state	 analysis	 of	 [Dy.L1],	 and	 at	 low	pH	 the	 axially	bound	tertiary	amine	N	(N6,	in	Figure	4)	is	protonated	and	the	partial	hydration	state	is	explained	either	by	the	presence	of	a	weakly	bound	axial	water	molecule,	(i.e.	a	 long	Eu-OH	distance),	or	by	 the	quenching	effect	of	 the	proximate	NH	vs	ND	oscillator	of	the	protonated	tertiary	amine.	It	has	previously	been	established	that	coordinated	amine	NH	oscillators	are	about	twice	as	effective	as	bound	OH	oscillators	at	quenching	Eu3+	excited	states.23		
Solution	NMR	studies	of	[YL1]	The	diamagnetic	complex,	[YL1],	was	synthesised	in	order	to	compare	the	NMR	behaviour	 with	 the	 analogous	 paramagnetic	 complexes.	 1H	 NMR	 analysis	revealed	a	mixture	of	broad	and	sharp	resonances	within	the	pyridine	aromatic	region	(Figure	7).		
	 	
	 Figure	7			1H	NMR	spectrum	of	[YL1]	(D2O,	16.4	T,	295	K,	pD	7.3).	A	 general	 assignment	 was	 attempted	 using	 HSQC,	 COSY	 and	 NOESY	 2D	 NMR	spectra.	However,	no	resonances	corresponding	 to	 the	aromatic	or	picolyl	DPA	protons	 could	 be	 assigned	 unequivocally.	 Whilst	 the	 two	 aromatic	 proton	resonances	 of	 the	 tert-butyl	 pyridine	 moiety	 are	 sharp	 and	 readily	 assigned,	several	of	the	aromatic	DPA	resonances	are	exchange	broadened.	Such	exchange	
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broadening	is	consistent	with	a	chemical	exchange	process	of	intermediate	rate	on	 the	NMR	 timescale,	 involving	 one	 or	more	 conformers	 or	 distinct	 chemical	species	associated	with	the	DPA	moiety.		Variable	temperature	NMR	was	undertaken	in	an	attempt	to	explore	the	origins	of	the	broadening	of	the	aromatic	resonances	(SI:	Fig.	S3).	Upon	cooling,	multiple	resonances	appeared	within	the	aromatic	region.	Above	305	K,	these	resonances	sharpened	 and	 coalesced	 to	 reveal	 four	 distinct	 picolyl	 environments.	 The	macrocyclic	ring	protons	also	sharpened	at	lower	temperature,	but	no	additional	resonances	were	seen.		
	 	
Figure	8	 	 	(right)	Partial	structure	of	the	DPA	moiety	in	[Y.L1]	that	leads	to	hindered	C-Namine	rotation;	(left)	highlighting	dissociation	of	the	axially	bound	M-N	bond,	postulated	to	be	aided	by	transient	solvolysis	of	the	Y-N	bond.		The	VT	NMR	study	demonstrates	that	at	temperatures	above	285	K,	the	C-Namine	bond	(Fig	S4	and	Figure	8)	must	be	free	to	rotate	sufficiently	quickly	that	the	two	picolyl	rings	are	rendered	equivalent	on	the	NMR	timescale.	As	the	temperature	decreases,	 bond	 rotation	 slows	 and	 the	 picolyl	 rings	 are	 non-equivalent.	 A	coalescence	 temperature	 of	 300K	 was	 estimated	 for	 this	 chemical	 exchange	process,	 from	 which	 a	 free	 energy	 of	 activation	 of	 59	 kJmol-1	 was	 calculated.		Such	behaviour	can	be	reasonably	associated	with	the	weak	interaction	between	the	tertiary	amine	lone	pair	and	the	rare	earth	ion,	 in	which	dissociation	of	the	Eu-N	bond,	perhaps	promoted	by	solvolysis,	has	a	small	energy	barrier.			The	1H	NMR	spectra	of	[YL1]	above	and	below	the	pKa	were	acquired	(Figure	S3).	At	 low	 pD	 (4.5)	 the	 aromatic	 DPA	 proton	 resonances	 were	 shifted	 to	 higher	frequency,	 consistent	 with	 protonation	 of	 the	 pyridine	 N	 atom.	 The	 aromatic	
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resonances	are	significantly	sharper	at	 low	pD,	whilst	the	macrocyclic	region	is	broader.	 As	 there	 are	 only	 6	 distinct	 pyridine	 environments	 in	 acid,	 the	 DPA	pyridine	 protons	 must	 be	 equivalent,	 as	 observed	 at	 higher	 temperature.	 The	C-Namine	bond	must	have	freedom	of	rotation,	on	an	intermediate	NMR	timescale.	The	 increased	 broadness	 of	 the	macrocyclic	 ring	 protons	 resonances	 suggests	that	 the	 rate	 of	 exchange	 between	 low	 energy	 conformations	 of	 the	 ligand	backbone	 is	 accelerated	 at	 low	 pD.	 Such	 behaviour	 is	 consistent	 with	 the	luminescence	pKa	data;	i.e.,	the	DPA	tertiary	amine	N	atom	becomes	protonated,	and	 the	 interaction	between	 the	metal	 ion	and	 the	amine	 lone	pair	 is	 lost.	The	change	from	9-	to	8-	coordination	of	the	metal	ion,	results	in	increased	flexibility	of	 the	 macrocyclic	 ring	 arms,	 to	 undergo	 faster	 cooperative	 arm	 rotation,	 as	noted	in	a	large	number		of	dynamic	NMR	studies	of	related	systems.	26		
NMR	studies	of	paramagnetic	[LnL1]	complexes	The	chemical	shifts	of	the	tert-butyl	reporter	group	of	the	paramagnetic	[LnL1]	complexes	 were	 measured	 in	 D2O	 (Figure	 9).	 In	 each	 case,	 the	 tert-butyl	resonance	 for	 the	 Tm3+,	 Tb3+	 and	 Dy3+	 complexes	 lies	 well	 outside	 the	diamagnetic	region.	
	 	
Figure	9	 	Schematic	showing	the	partial	1H	NMR	spectra	of	the	tert-butyl	resonance	of	
[LnL1]	(D2O,	4.7	T,	295	K,	pD	7.3):	Tm	(yellow);	Yb	(magenta);	Tb	(blue);	Dy	(red).	In	 comparison	 to	 the	 analogous	 carboxylate	 complex	without	 the	 Zn2+	 sensing	moiety,	 [LnL2],	 the	 tert-butyl	 pseudocontact	 chemical	 shifts	 are	 increased.	The	increase	is	most	significant	for	the	complexes	of	Dy	and	Tb.	Thus,	in	[TbL2]	and	
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[DyL2]	 chemical	 shifts	 of	 -10.6	 and	 -20.1	ppm	 respectively	 were	 observed,	 24	compared	 to	 -30.2	and	 -36.5	ppm	 in	 [TbL1]	 and	 [DyL1].	 It	has	been	 found	 that	the	presence	of	an	axially	coordinated	water	molecule	has	a	significant	impact	on	the	paramagnetic	shift	of	lanthanide	complexes	in	structurally	related	ligands,	as	the	 orientation	 and	 size	 of	 the	 principal	 component	 of	 the	 magnetic	susceptibility	 tensor	 (often	 the	 axial	 component)	 are	 sensitive	 to	 structural	perturbation.	The	larger	chemical	shifts	in	[LnL1]	are	consistent	with	the	loss	of	the	 inner	 sphere	 water	 molecule,	 as	 established	 from	 the	 solid-state	 X-ray	structure	 and	 the	 solution	 lifetime	 analyses	 of	 the	 Eu3+	 and	 Tb3+	 complexes.	Unlike	[LnL2],	in	which	two	diastereoisomers	are	observed	in	solution,	only	one	
tert-butyl	resonance	was	present	for	every	[LnL1]	complex.	The	weak	interaction	postulated	between	the	DPA	amine	and	lanthanide(III)	ion	presumably	serves	to	stabilise	 the	 lowest	 energy	 conformation	 and	 reduces	 the	 flexibility	 of	 the	pendant	arms	of	the	12-N4	ring.		The	longitudinal	relaxation	rates,	R1,	of	the	tert-butyl	resonance	of	[LnL1]	were	measured	 at	 six	 different	 field	 strengths	 (Table	 S1).	 The	 rates	were	 similar	 to		those	measured	with	[LnL2]	24	.		
The	 chemical	 shift	 of	 the	 reporter	 tert-butyl	 group	 was	 investigated	 over	 the	temperature	range	290	K	 to	325	K	and	showed	a	near	 linear	dependence	over	this	 relatively	 narrow	 range	 (Figure	 10),	wherein	 [TbL1]	 and	 [DyL1],	with	 the	largest	paramagnetic	shift,	have	the	greatest	sensitivities	to	temperature,	of	0.25	and	0.27	ppm/K	respectively.	
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Figure	 10	 	 	 Variation	 in	 the	 chemical	 shift	 of	 the	 tert-butyl	 resonance	 of	 [LnL1]	 as	 a	function	of	temperature	(D2O,	11.7	T,	pD	7.3):	Tm	(yellow)	R2	=	0.996;	Yb	(magenta)	R2	=	0.998;	Tb	(blue)	R2	=	0.994;	Dy	(red)	R2	=	0.995.	The	pH	dependence	of	the	chemical	shift	of	[DyL1]	was	also	studied,	(Figure	11).	From	high	pD	 to	 low	pD,	 the	major	 tert-butyl	 resonance	 (-36	ppm)	broadened	and	 the	 pseudocontact	 shift	 increased	 (i.e.	 the	 chemical	 shift	 became	 more	negative),	 before	 sharpening	 (-47	 ppm),	 whilst	 an	 additional	 tert-butyl	resonance	appeared	(-60	ppm)	and	sharpened	further	as	the	pD	decreased.	The	presence	 of	 two	 tert-butyl	 resonances,	 below	 the	pKa,	 demonstrates	 that	 there	are	two	different	forms	of	the	protonated	complex	that	are	in	slow	exchange	on	the	NMR	timescale,	consistent	with	the	observations	with	[HY.L1]+.			
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Figure	 11	 Partial	 1H	 NMR	 spectra	 of	 [DyL1],	 showing	 the	 tert-butyl	 resonance,	 as	 a	function	of	pD	(D2O,	11.7	T,	295	K).	The	 longitudinal	 relaxation	 rates,	 R1,	 of	 the	 two	 tert-butyl	 resonances	 at	 -47	and	 -60	ppm	 at	 low	 pD	 (295	 K,	 11.7	 T)	 were	 164	 and	 163	 s-1	 respectively,	compared	to	the	limiting	high	pD	rate	of	181	s-1.	The	increase	in	chemical	shift,	which	 was	 also	 accompanied	 by	 an	 increase	 in	 line-width	 (R2),	 indicates	 that	there	may	be	a	change	in	the	anisotropy	of	the	pseudocontact	shift	field.	Or,	the	change	may	arise	 from	a	structural	change	of	 the	complex	 that	brings	 the	Dy3+	centre	either	closer	in	space	to	the	tert-butyl	group,	or	at	a	different	angle	with	respect	 to	 the	 main	 component	 of	 the	 magnetic	 susceptibility	 tensor.	 The	longitudinal	 relaxation	 rate,	 R1,	 increases	 at	 higher	 pD,	 but	 emission	 spectral	evidence	supports	the	retention	of	coordination	of	the	proximal	pyridine	ring,	so	that	the	change	is	unlikely	to	be	the	result	of	a	decreased	inter-nuclear	distance.	The	loss	of	the	postulated	weak	interaction	of	the	DPA	amine	is	likely	to	induce	a	change	 in	 the	 anisotropy	 of	 the	 pseudo-contact	 shift	 field.	 Variations	 of	 the	nature	 of	 the	 donor	 atom	 in	 the	 axial	 position	 have	 previously	 been	 shown	 to	have	 drastic	 effects	 on	 the	 ligand	 field	 and	 hence	 the	 magnetic	 susceptibility	anisotropy	in	related	8/9	coordinate	lanthanide	complexes.	24,27-29		The	presence	of	two	rather	broad	tert-butyl	resonances	in	acid	suggests	that	in	the	 protonated	 complex	 there	 is	 a	 chemical	 exchange	 process	 between	 low	
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energy	 conformations	 of	 the	 protonated	 complex.	 In	 the	 diamagnetic	 species	
[YL1]	(Figure	7	and	Fig	S4)	exchange	broadening	of	the	macrocyclic	resonances	was	observed	at	low	pD,	as	a	result	of	the	increased	flexibility	of	the	macrocyclic	backbone.	As	a	result	of	the	greater	frequency	difference	of	the	two	macrocyclic	conformations	 in	 the	 paramagnetic	 complexes	 two	 tert-butyl	 resonances	 are	observed	at	this	field.		
Zinc	binding	studies	using	NMR	,	MS	and	emission	spectroscopy	The	 addition	 of	 ZnCl2	 to	 [EuL1]	 resulted	 in	 a	 significant	 emission	 intensity	decrease	and	changes	 to	 spectral	 form	 in	 the	ΔJ	=	1,	2	and	4	manifolds	 (Figure	12),	consistent	with	a	large	change	in	the	coordination	environment	of	Eu3+.		
	 	
Figure	12	 	 	Variation	of	the	emission	spectra	of	[EuL1]	(20	μM)	as	a	function	of	added	equivalents	of	Zn2+.	(Inset)	Intensity	ratio	of	613.5/617	nm	as	a	function	of	Zn2+	(295	K,	H2O,	 0.1	M	 TRIS,	 pH/pD	=	7.3,	 λex	=	276	nm).	 No	 spectral	 changes	 were	 observed	 for	addition	of	up	to	10	equivalents	of	CaCl2	or	MgCl2	The	europium	luminescence	lifetime	was	monitored	as	a	function	of	the	number	of	 equivalents	 of	 Zn2+	 added,	 both	 in	 D2O	 and	H2O	 (Table	 3,	 Figure	 13).	 Upon	addition	of	ZnCl2	the	lifetime	of	the	lanthanide	excited	state	increased	in	D2O,	but	decreased	 in	 H2O,	 as	 observed	 on	 changing	 pH	 (Figure	 6).	 The	 same	 type	 of	behaviour	was	 observed	with	 [TbL1],	 (Table	 3).	 No	 change	 in	 either	 emission	
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spectral	form	or	lifetime	occurred	when	up	to	ten	equivalents	of	CaCl2	or	MgCl2	were	added.		
Table	3	 	 	Luminescence	 lifetime	measurements	(±10%)	and	complex	hydration	states	(±20%)	of	[EuL1]	and	[TbL1]	23	with	/without	excess	Zn2+	(295	K,	λex	=	276	nm,	pH	7.3).	
Ln	 Zn2+	equivalents	 𝜏!!!	(ms)	 𝜏!!!	(ms)	 q	Eu	 0	 1.15	 1.61	 0		 5	 0.61	 1.96	 1.1	Tb	 0	 2.55	 2.78	 0		 5	 1.94	 3.19	 0.8	
	
	
Figure	13			Variation	of	the	lifetime	of	[EuL1]	as	a	function	of	equivalents	of	Zn2+	in	H2O	and	D2O	(295	K,	0.1	M	TRIS/TRIS-d11,	pH/pD	=	7.3,	λex	276	nm,	λem	617	nm).	The	hydration	states	of	the	europium	and	terbium	ions	following	binding	of	Zn2+	were	 calculated	 to	 be	 q	 =	 1	 (Table	 3).	 23	 The	 observed	 lifetime	 and	 emission	intensity	ratio	variations	are	consistent	with	limiting	1:1	binding	stoichiometry.	In	the	Zn	bound	complex,	the	tert-butyl	pyridine	N	atom	is	no	longer	coordinated	to	 the	 lanthanide	 ion,	 and	 the	 zinc	 ion	 is	 coordinated	 to	 all	 three	 pyridine	nitrogen	atoms	and	the	tertiary	amine	N	atom	(Scheme	3).	The	coordination	at	Zn	is	likely	to	be	completed	by	a	water	molecule,	as	in	the	Zn	complex	of	TPA.5d	
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Scheme	3			Proposed	structures	of	[LnL1]	without	(left)	and	with	added	Zn2+	(right).	It	is	assumed	 that	 the	 Zn2+ion	 will	 be	 5-coordinate	 and	 at	 pH	 7.3;	 Zn	 coordination	 is	completed	by	an	OH	or	water	molecule.	In	order	to	prove	that	Zn2+	binding	is	reversible,	ligands	with	a	higher	affinity	for	Zn2+	 (ethylenediaminetetraacetic	 acid	 (EDTA)	 and	diethylenetriaminepentaacetic	acid	(DTPA))	were	titrated	 into	a	1:1	solution	of	
[EuL1]	and	ZnCl2.	The	titrations	revealed	restoration	of	the	spectral	form	of	the	free	 complex	 [EuL1]	 at	 high	 concentrations	 of	 the	 competing	 ligand,	demonstrating	 that	 the	 binding	 of	 Zn2+	 is	 reversible.	 The	 stabilities	 of	 the	complexes	of	Zn2+	with	EDTA	and	DTPA	are	logKML	=	16.5	and	18.7	respectively.	Binding	 curves	 were	 plotted	 using	 the	 ratio	 of	 the	 intensity	 integrals	 for	 the	ΔJ	=	2	and	ΔJ	=	1	bands.	The	binding	curve	constructed	for	DTPA	showed	that	at	a	1:1:1	 ratio	 of	 Zn2+:[EuL1]:DTPA,	 almost	 full	 restoration	 of	 the	 free	 complex	(~87%)	was	observed,	(Figure	14).		 	
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Figure	14	 	 	Variation	of	 the	emission	spectrum	of	a	1:1	solution	of	ZnCl2	(20	μM)	and	
[EuL1]	 (20	μM)	 with	 DTPA	 concentration.	 (Inset)	 Ratio	 of	 ΔJ	=	2	 (I610-619	 nm)	 /	 ΔJ	=	1	(I582-610	nm)	as	a	function	of	added	Zn2+	(295	K,	H2O,	0.1	M	TRIS,	pH	7.3,	λex	=	276	nm).	Mass	spectrometry	was	used	to	assess	the	nature	of	the	Zn2+	species	with	[LnL1].	Electrospray	 mass	 spectrometry	 experiments	 were	 conducted	 using	 a	 2:1	mixture	of	[TbL1]	 and	ZnCl2	 in	H2O	(Figure	15).	A	1:2	ratio	of	Zn2+:[TbL1]	was	chosen	first,	to	probe	the	possibility	of	the	presence	of	a	1:2	ternary	complex,	as	a	structurally	related	system	exhibited	this	stoichiometry.30	The	Tb	complex	was	chosen	in	order	to	simplify	the	isotopic	pattern,	as	it	has	only	one	stable	isotope.	The	 pH	 of	 the	 solution	 was	 adjusted	 to	 7.3	 with	 aqueous	 NaOH	 in	 order	 to	recreate	the	titration	conditions,	as	the	presence	of	buffer	suppresses	ionisation.	
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Figure	 15	 (upper)	 ESI	 HRMS	 spectrum	of	 a	 1:2	 solution	 of	 ZnCl2	 and	 [TbL1]	 in	 H2O	(pH	7.3);	 (lower)	 simulated	ESI-HRMS	(+)	 spectrum	of	{[TbL1]+Zn+OH}+	and	(bottom)	observed	ESI-HRMS	(+)	spectrum	of	{[TbL1]+Zn+OH}+.		The	 spectrum	 shows	 the	 presence	 of	 the	 protonated	 complex	 (m/z	 =	 861.3,	{[TbL1]+H}+,	as	the	major	ion	and	two	other	species.	The	doubly	charged	ion	at	462.1	 exhibits	 the	 distinctive	 isotope	 pattern	 of	 Zn,	 and	 corresponds	 to	{[TbL1]+Zn+H2O}2+.	 	 The	 ion	 corresponding	 to	 941.2	 is	 the	 related	 singly	charged	deprotonated	complex	{[TbL1]+Zn+OH}+	(Figure	15).	Typically,	adducts	still	 bound	 to	 the	 inner	 sphere	water	molecules	 of	 lanthanide	 aqua	 complexes	are	not	observed	in	electrospray	mass	spectrometry.	It	is	therefore	reasonable	to	hypothesise	that	in	solution	two	water	molecules	are	bound	to	the	complex,	one	residing	 on	 each	 metal	 centre,	 wherein	 the	 observed	 water	 and	 the	 hydroxy	
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species	involve	a	molecule	water	and	an	OH	group	respectively	bound	to	zinc.	It	is	 known	 that	 the	 [Zn.TPA.H2O]2+	mono-aqua	 species	 possesses	 a	 pKa	 value	of	8.0.5d	 No	 species	 corresponding	 to	 any	 other	 binding	 stoichiometry	 were	observed.		The	NMR	spectra	of	 the	Dy,	Tb	and	Tm	complexes	of	[LnL1]	were	measured	 in	the	 absence	 and	 presence	 of	 varying	 Zn2+	 concentrations	 in	 the	 presence	 of	deuterated	 TRIS	 buffer	 at	 pD	 7.3.	 In	 each	 case,	 the	 intensity	 of	 the	 resonance	corresponding	to	 the	tert-butyl	of	 the	 free	complex	decreased	upon	addition	of	ZnCl2.	As	the	concentration	of	Zn2+	increased,	multiple	new	resonances	appeared	making	 the	 identification	 of	 the	 tert-butyl	 peaks	 challenging.	 After	 addition	 of	one	equivalent	of	Zn2+,	all	resonances	were	integrated	and	tert-butyl	peaks	were	found	by	identifying	the	9:1	ratio	to	other	proton	resonances.	Trans-metallation	of	 the	 lanthanide	 ion	 by	 the	 added	 zinc	 ion	was	 not	 observed	 by	NMR	 at	 this	concentration,	 as	 no	 free	 ligand	 resonances	were	 observed	 in	 the	 diamagnetic	region.	 Upon	 addition	 of	 ZnCl2	 to	 [DyL1]	 three	 new	 tert-butyl	 resonances	appeared,	each	identified	by	integration	(Figure	16).			 	 	
	 	
Figure	16	 	Stacked	partial	 	1H	NMR	spectra	of	the	tert-butyl	resonances	of	[DyL1]	as	a	function	of	added	Zn2+	(D2O,	1	M	TRIS-d11,	pD	7.3,	11.7	T,	295	K).	A	 binding	 curve	was	 produced	 by	 plotting	 the	 ratio	 of	 the	 integral	 of	 the	 free	complex	 tert-butyl	 resonance	 and	 the	 sum	 of	 the	 newly	 formed	 tert-butyl	
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integrals	 against	 the	 number	 of	 equivalents	 of	 added	 Zn2+	 (SI,	 Figure	 S5).	 The	curve	is	very	similar	in	form	to	that	found	with	the	luminescence	titration	data	using	[EuL1].	Titrations	with	[TbL1]	and	[TmL1]	yielded	similar	results	(Figure	17).	 As	 with	 [DyL1],	 addition	 of	 Zn2+	 led	 to	 the	 appearance	 of	 additional	
tert-butyl	peaks,	some	of	which	were	shifted	in	the	opposite	direction	to	the	shift	of	the	tert-butyl	resonance	in	the	starting	complex.		
	
Figure	17	 	 (Left)	Stacked	1H	NMR	spectra	of	 the	tert-butyl	resonances	of	[TbL1]	 (top)	and	 [TmL1]	 (bottom)	 before	 and	 after	 addition	 of	 excess	 Zn2+.	 (Right)	 Ratio	 of	 the	integrals	of	tert-butyl	resonances	of	[TbL1]	 (top)	and	[TmL1]	(bottom)	as	a	function	of	the	number	of	equivalents	of	added	Zn2+	(D2O,	1	M	TRIS-d11,	pD	7.3,	11.7	T,	295	K).	The	 shift	 and	 relaxation	 rate	 data	 of	 the	 identified	 tert-butyl	 resonances	 for	
[LnL1],	before	and	after	addition	of	Zn2+,	are	given	in	Table	4.		
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Table	4	 	 	Comparison	of	NMR	properties	of	 the	 tert-butyl	 resonances	 in	 [DyL1]	 (top),	[TbL1]	 (centre)	 and	 [TmL1]	 (bottom),	with/without	 added	Zn2+	 (D2O,	 1	M	TRIS-d11,	 pD	7.3,	11.7	T,	295	K).	
	
	 Shift	(ppm)	 Linewidth	(Hz)	 R1	(Hz)	 Integral	No	Zinc	 -36	 584	 182	 1	Zinc	 +23	 244	 53	 0.16	+13	 255	 55	 0.31	-8	 320	 21	 0.52		
	
	 Shift	(ppm)	 Linewidth	(Hz)	 R1	(Hz)	 Integral	No	Zinc	 -30	 280	 112	 1	
Zinc	 +20	 109	 44	 0.33	+15	 108	 34	 0.12	-1	 185	 16	 0.27	-7	 313	 26	 0.27		
	
	 Shift	(ppm)	 Linewidth	(Hz)	 R1	(Hz)	 Integral	No	Zinc	 +17	 488	 63	 1	Zinc	 -23	 105	 17	 0.36	-27	 110	 26	 0.64		Each	 of	 the	 longitudinal	 and	 transverse	 relaxation	 rates	 for	 the	 tert-butyl	resonance	 in	 the	Zn2+-bound	complex	was	 significantly	decreased	compared	 to	that	measured	in	the	starting	complex.	Such	a	 large	decrease	most	 likely	arises	from	 an	 increase	 in	 the	 distance,	 r	 between	 the	 paramagnetic	 ion	 and	 the	observed	resonance.	Additionally,	the	presence	of	new	tert-butyl	resonances	that	are	shifted	in	the	opposite	direction	to	[LnL1]	indicates	a	dramatic	change	in	the	structure	of	the	complex	upon	binding	Zn2+.	Such	behaviour	occurs	when	there	is	change	 in	 the	 size	 and	 orientation	 of	 the	 major	 component	 of	 the	 magnetic	susceptibility	 tensor.22,	 27-29	 The	 paramagnetic	 NMR	 titrimetric	 results	 are	consistent	 with	 a	 process	 in	 which	 the	 tert-butyl	 appended	 pyridine	 moiety	dissociates	 from	 the	 lanthanide	 ion	 following	 addition	 of	 Zn2+	 ions.	 Similar	behaviour	was	observed	 in	parallel	NMR	 studies	with	 the	diamagnetic	 yttrium	complex,	[Y.L1]	(see	SI).	No	changes	in	the	form	of	the	proton	NMR	spectrum	of	
[DyL1]	were	observed	when	MgCl2	or	CaCl2	were	added,	following	addition	of	up	to	ten	equivalents	of	salt.			
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Trans-metallation	studies	with	zinc	During	 the	NMR	titration	experiments	a	precipitate	was	observed	to	 form	very	slowly	 at	 a	 Zn2+	 equivalence	 greater	 than	 1.	 The	 relatively	 insoluble	 solid	obtained	 from	 the	 Y	 titration	 study	 was	 re-dissolved	 in	 a	 50:50	 mixture	 of	acetonitrile	 and	 H2O	 and	 electrospray	 mass	 spectral	 analysis	 of	 the	 solute	revealed	 the	presence	of	 the	protonated	 free	Y	complex,	 {[YL1]+H}+	(791.4	and	396.4),	but	also	{L1+2Zn}+	and	{L1+2Zn+H}2+	(833.3	and	417.3)	and	{L1+Zn+2H}+	(767.4)	(SI,	Fig	S6).	The	species	containing	only	one	Zn2+	ion	is	assumed	to	be	the	7-coordinate	 complex,	 in	 which	 Zn2+	 has	 displaced	 Y3+	 from	 the	 DO3A	macrocycle.	As	Zn2+	is	a	diamagnetic	ion,	distinguishing	between	the	Zn2+	and	Y3+	complexes	 using	 NMR	 is	 impracticable.	 However,	 as	 the	 Zn2+	 substituted	complexes	 were	 observed	 as	 a	 precipitate	 and	 were	 found	 to	 be	 insoluble	 in	most	 solvents,	 the	 NMR	 spectra	 acquired	 during	 the	 original	 titrations	 can	 be	safely	assumed	to	be	species	based	on	the	1:1	Y3+	complex,	[YL1].	The	time-dependent	trans-metallation	of	DO3A-based	lanthanide(III)	complexes	in	the	presence	of	metal	cations,	including	Zn2+,	is	a	known	process.	It	is	normally	considered	 to	be	an	acid-catalysed	process.	The	stability	of	various	gadolinium	contrast	 agents	 to	 trans-metallation	by	Zn2+	has	been	 studied	previously	when	assessing	their	kinetic	stability.31,32	The	longitudinal	relaxation	rate	of	water	was	measured	in	a	phosphate-buffered	solution	in	the	presence	of	Zn2+.	The	studies	were	 conducted	 on	 9-coordinate	 macrocyclic	 Gd3+	 contrast	 agents	 based	 on	octadentate	 ligands	 (e.g.	 with	 DOTA	 and	 HPDO3A)	 at	 pH	 7	 and	 310	K.	 It	 was	found	 that	after	3	days,	more	 than	98%	of	 the	original	 relaxivity	was	retained,	suggesting	 that	 trans-metallation	with	Zn2+	 is	 extremely	 slow.	 It	 is	 known	 that	trans-metallation	of	 lanthanide	complexes	occurs	more	quickly	 in	7-coordinate	complexes.	 Similar	 experiments	 have	 been	 conducted	 on	 [GdDO3A]	 in	 the	presence	 of	 between	 10	 to	 40	 equivalents	 of	 Cu2+.33	 Although	 [CuDO3A]	 was	shown	 to	 have	 a	 significantly	 higher	 stability	 constant	 (logKCuL	 =	 25.8)	 than	
[GdDO3A]	(log	KGdL	=	21.6),	the	half-life	of	[GdDO3A]	in	the	presence	of	copper	ions	was	calculated	to	be	~24	years.		
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Significant	trans-metallation	of	Zn2+	has	occurred	in	[YL1]	at	room	temperature	in	 the	 presence	 of	 >2	 equivalents	 of	 Zn2+	 at	 pH	 7.3.	 It	 is	 unlikely	 that	 trans-metallation	 occurs	 with	 the	 free	 complex	 [YL1],	 as	 this	 has	 been	 shown	 by	luminescence	lifetime	and	NMR	analysis	to	be	at	least	8-coordinate.	The	ease	of	dissociation	 of	 Y3+	 suggests	 that	 the	 initial	 complexation	 of	 Zn2+	 to	 the	 DPA	moiety	 induces	a	conformational	change	that	 increases	the	susceptibility	of	 the	complex	 to	 trans-metallation.	 Similar	 behaviour	 was	 observed	 with	 the	paramagnetic	complexes.		Crystals	of	the	complex	[YL1]	 in	the	presence	of	ZnCl2	were	grown.	A	methanol	solution	of	 [YL1]	with	 added	ZnCl2.	Diffusion	of	 diethyl	 ether	 into	 this	mixture	resulted	 in	 the	 growth	 of	 crystals.	 The	 cationic	 di-zinc	 complex	 (Figure	 18)	crystallised	as	the	chloride	salt	with	hydrogen	bonding	to	solvent	methanol	was	observed	 for	 two	 of	 the	 carbonyl	 atoms,	 (CCDC	 1896076);	 a	 very	 similar	structure	 was	 found	 with	 crystals	 grown	 from	 an	 aqueous	 solution	 (CCDC	1896077).			
	 	
Figure	18	 	 (left)	Molecular	structure	of	[Zn2L1].	 (right)	Molecular	structure	of	[Zn2L1]	showing	the	chloride	counter	 ion	and	hydrogen	bonding	to	solvent	methanol;	H	atoms	are	omitted	for	clarity,	CCDC	1896076.		The	 two	 Zn2+	 ions	 of	 [Zn2L1]	 are	 6-	 and	 7-	 coordinate,	 with	 two	 of	 the	carboxylate	donors	acting	as	bridging	donors.	The	7-coordinate	metal	(Zn1)	was	encapsulated	 within	 the	 DO3A-based	macrocycle,	 giving	 an	 N4O3	 coordination	environment.	Zinc	species	with	such	a	high	coordination	number	are	relatively	rare.	Complexes	containing	a	7-coordinate	Zn2+	ion	in	which	the	7	donor	atoms	
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are	provided	by	a	single	polydentate	ligand	are	even	more	uncommon,	although	there	 are	 some	 literature	 examples.	 34-39	 Thus,	 the	 cyclen-based	 Zn2+	 complex	
[ZnL3],	has	been	synthesised	and	was	studied	as	a	monomer	for	heterometallic	coordination	 polymers	 (Figure	 19).39	 The	 coordination	 geometry	 is	 similar	 to	that	of	Zn1,	however	one	of	the	O	donors	arises	from	a	neutral	amide	carbonyl	oxygen	atom.	
	
Figure	 19	 Molecular	 structure	 of	 [ZnL3].	 H	 atoms	 are	 omitted	 for	 clarity.38	 CCDC:	1443839	/	MABVET.	The	6-coordinate	Zn2+	 ion	(Zn2)	was	 ligated	by	the	four	nitrogen	donors	of	 the	tripicolyl	 moiety	 and	 the	 two	 bridging	 carboxylates,	 in	 a	 distorted	 octahedral	(N4O2)	geometry.	The	geometry	of	Zn2	 is	similar	 to	 that	of	 the	dimeric	Zn-TPA	complex	[Zn2(TPA)2(OH)2]2+	 (Figure	20),40	 in	which	both	Zn2+	 ions	are	 ligated	in	a	distorted	octahedral	geometry	by	the	4	neutral	nitrogen	donors	of	the	TPA	ligand	 and	 two	 bridging	 O	 donors.	 In	 this	 case	 the	 bridging	 O	 donors	 are	hydroxide	 groups;	 carboxylate	 bridges	 (μ-Ocarboxylate)	 in	 di-zinc	 species	 are	 also	known.	 41-43	 The	 Zn-Zn	 distance	 of	 [Zn2L1]	 was	 found	 to	 be	 3.36	 Å	 which	 is	comparable	 to	 those	 reported	 in	 a	 small	 set	 of	 similar	 zinc	 complexes	 with	(μ-Ocarboxylate)2	bridges	(3.11	–	3.50	Å).40	
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Figure	20	Molecular	structure	of	[Zn2(TPA)2(OH)2]2+.	39	H	atoms	of	the	TPA	ligand	are	omitted	for	clarity.	CCDC:	1230684	/	PEMBIS.	As	 the	 ionic	 radius	 of	 Zn2+	 is	much	 smaller	 than	 that	 of	 Dy3+,	 the	metal-donor	bond	distances	to	the	transition	metal	are	decreased	from	those	seen	in	[DyL1]	(Table	5).	
Table	5			Bond	distances	(Å)	for	Zn1	(left)	and	Zn2	(right)	in	[Zn2L1]+.		
bond	 bond	distance	(Å)	 	 bond	 bond	distance	(Å)	Zn1-N1	 2.418(5)	 	 Zn2-N5py	 2.236(4)	Zn1-N2	 2.237(4)	 	 Zn2-N6	 2.183(4)	Zn1-N3	 2.342(5)	 	 Zn2-N7py	 2.120(4)	Zn1-N4	 2.212(5)	 	 Zn2-N8py	 2.179(5)	Zn1-O1	 2.080(3)	 	 Zn2-O1	 2.125(3)	Zn1-O3	 2.123(4)	 	 Zn2-O5	 2.060(3)	Zn1-O5	 2.244(3)	 	 	 	
Summary	and	Conclusions	An	NMR	Zn2+-selective	probe,	[LnL1],	has	been	synthesised	and	characterised.	It	is	based	on	a	DO3A	macrocycle	bearing	a	pendant	pyridine	ring	containing	both	a	 tert-butyl	 NMR	 reporter	 group	 and	 a	 DPA	moiety.	 The	 tripicolyl	 amine	 Zn2+	moiety	 was	 synthesised	 using	 a	 ten-step	 linear	 synthesis,	 including	 a	regioselective	reduction	step,	with	the	aid	of	simple	protecting	group	chemistry.	Solid-state	structural	analysis	showed	that	the	Dy	complex	was	nine-coordinate,	with	the	amine	nitrogen	atom	of	the	DPA	moiety	completing	the	coordination	in	which	 there	 is	a	 long,	axial	bond	 to	 the	 lanthanide	 ion.	At	high	 temperature	or	
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low	 pH	 this	 bond	 was	 in	 solvent	 exchange	 or	 was	 cleaved,	 as	 observed	 from	lifetime	measurements	of	the	Eu3+	and	Tb3+	complexes	and	the	diamagnetic	and	paramagnetic	NMR	 spectral	 behaviour	 of	 the	 Y3+	 and	Dy3+	 complexes.	 The	 pKa	value	of	 the	 complex	was	measured	 to	be	5.70	by	 luminescence	methods.	This	value	is	 low	enough	that	changes	in	pH	within	a	biological	range	of	6.5-7.5	will	have	minimal	impact	on	the	behaviour	of	the	complex.	The	 tert-butyl	 resonance	 of	 the	 Dy,	 Tb	 and	 Tm	 complexes	 was	 shifted	 well	beyond	the	diamagnetic	region,	in	principle	allowing	the	resonance	to	be	imaged	against	 zero	 background.	 The	 shift	 and	 relaxation	 properties	 of	 these	 systems	have	been	investigated	at	different	temperatures	and	magnetic	fields.	Relatively	fast	longitudinal	relaxation	rates	at	low	fields	allow	faster	spectral	acquisition.		The	binding	to	Zn2+	has	been	probed	using	both	luminescence	(Eu)	and	NMR	(Y,	Dy,	Tb,	Tm,	Er)	studies	revealing	a	high	affinity.	Large	changes	were	observed	in	emission	and	NMR	properties	of	 the	complexes,	consistent	with	a	predominant	1:1	binding	stoichiometry,	suggesting	a	decrease	in	the	coordination	number	of	the	 lanthanide	 ion.	 Mass	 spectrometry	 studies	 provided	 further	 proof	 of	 1:1	speciation.	Selectivity	was	demonstrated	for	Zn2+	over	Ca2+	and	Mg2+	and	binding	reversibility	 was	 shown	 through	 competitive	 titrations	 with	 EDTA	 and	 DTPA.	The	 affinity	 of	 the	 complex	 to	 Zn2+	 could	 be	 adapted	 by	 modification	 of	 the	chelating	group.	Removal	of	one	of	the	pyridines	of	the	DPA	moiety	could	reduce	the	Zn2+	binding	strength	but	the	replacement	chelating	moiety	must	be	chosen	carefully,		to	avoid	any	loss	of	binding	selectivity.	At	higher	concentrations	of	Zn2+	and	with	time,	trans-metallation	was	observed	in	 which	 the	 lanthanide	 is	 replaced	 to	 form	 a	 novel	 di-zinc	 species.	 Trans-metallation	 of	 DO3A-based	 lanthanide	 complexes	 is	 unprecedented	 at	 this	 pH.	X-ray	crystallographic	analysis	elucidated	the	solid-state	structure	of	the	di-zinc	species.	One	Zn2+	ion	was	found	to	be	7-coordinate,	an	unusually	high,	although	not	 unique,	 coordination	 number.	 Two	 carboxylate	 groups	 of	 the	 DO3A	macrocycle	 were	 found	 to	 bridge	 the	 Zn2+	 ions.	 The	 kinetic	 stability	 of	 the	complex	 with	 respect	 to	 trans-metallation	 within	 biological	 media	 must	 be	explored	in	more	detail.		
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Further	 in	vitro	work	 to	 investigate	 any	 potential	 interactions	with	 proteins	 is	also	 required	 to	 ensure	 that	 binding	 to	 Zn2+	 would	 be	 unperturbed	 in	 vivo.	Additional	 titrations	 in	 serum	 would	 allow	 for	 the	 creation	 of	 more	 relevant	calibration	curves	and	phantom	imaging	studies	using	a	preclinical	MRI	scanner	could	then	be	used	to	demonstrate	the	feasibility	of	the	in	vivo	measurement	of	Zn2+,	 in	 areas	 where	 the	 local	 concentration	 is	 known	 to	 be	 high,	 such	 as	 the	prostate	gland.	
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